The aim of this study was to detect cyanobacterial cytoskeletal elements and the cytoskeletal framework using immunostaining with anti-bovine a-tubulin mouse monoclonal antibodies. After strong permeabilization of axenic cyanobacterial cell lines, the cytoskeleton elements become visible in all cells. A mild cell permeabilization procedure allows the discrimination between healthy and senescent or otherwise stressed cyanobacteria whose cell integrity has been jeopardized. This technique can be useful to investigate cyanobacterial bloom lysis provoked by various natural or artificial factors. Viruses, among others, are important mortality agents of cyanobacteria. The presence of non-hepatotoxic cyclic cyanopeptides can provoke lysis of non-axenic Microcystis aeruginosa cell lines. This is presumably due to lytic cycle induction in lysogen cyanobacteria. A susceptible cyanobacterial cell line exposed to the depsipeptide planktopeptin BL1125 has been analysed with transmission electron microscopy to corroborate the involvement of virus like particles (VLP) in the process of lysis. VLP that correspond in shape and size to tailed cyanophages have been observed only in samples where the process of lysis has been triggered. The immunostaining of cytoskeletal elements by using epifluorescence and confocal microscopy has confirmed that the lysis expands from single infected cells or cell groups, the focal points, to their immediate environment. Our in vitro experiments demonstrate that lysogen focal point formation, which follows induction by endogenous cyanobacterial cyclic peptides, could constitute, also in the natural environment, the basis for an extremely rapid and extensive cyanobacterial bloom collapse.
to such an extent that they dominate numerically and frequently also in terms of biomass. The main reason for the increased attention of the scientific community to these natural phenomena is the economic damage that they cause and the threat that they pose to human and environmental health. Cyanobacteria produce various biologically active substances, some of them highly toxic and lethal to a variety of organisms, including humans (Beasley et al., 1998; Pouria et al., 1998; Filipič et al., 2007) . These substances that are produced in, and for most of the time confined to, the interior of the cells are on the whole released in the environment during the inevitable demise of blooms. The blooming mechanisms of cyanobacteria have been intensively studied and explained (Reynolds, 1984) . However, bloom lysis, especially the rapid, simultaneous disappearance of blooming cyanobacterial species over very large areas, remains poorly understood. We have proposed a mechanism for the rapid decay of cyanobacterial blooms that involves induction by cyclic cyanopeptides of the lytic cycle in lysogenic cyanobacteria (Sedmak et al., 2008a) . This mechanism is based on the already confirmed assumption that lysogeny is far more frequent and widespread than, until recently, thought (Wommack and Colwell, 2000; Williamson et al., 2002) .
The production of cyclic peptides in cyanobacteria is so great that it often exceeds even the production of chlorophyll a, a vital molecule in photoautotrophs such as cyanobacteria (Sedmak et al., 2008b) . The biological activities of these peptides are usually studied in screening experiments on biochemical systems that bear little relation to the organisms or metabolic systems that are the real target.
Here, we present in vitro experiments on a non-axenic cyanobacterial cell line that demonstrate the formation of focal points induced by planktopeptin BL1125 (PP BL1125), a cyclic depsipeptide of cyanobacterial origin, that leads to the almost complete lysis of cyanobacteria (Sedmak et al., 2008a) . The formation of focal points and the progress of the lysis are demonstrated by immunostaining of cyanobacterial cytoskeleton elements and cyanobacterial debris.
M E T H O D Strains and cultivation
The origin of the non-axenic Ma2-NIB cyanobacterial cell line is a natural Microcystis aeruginosa bloom identified according to Komarek (Komarek, 1958 , 1991 . The cell line isolated in our laboratory was derived from individual cells or very small colonies and maintained and cultivated in the sterile Jaworski medium (JM) (Thompson et al., 1988) with serial transfers for over 10 years. Two axenic M. aeruginosa strains (a non-producer of microcystin PCC 7005 and a microcystin producer PCC 7806) from the Institut Pasteur (Paris, France) were also used in our experiments. The organisms were grown in 50 mL medium in 100 mL flasks in a growth chamber under controlled conditions: 208C, under two types of mixed fluorescent lamps, white Osram L18W/72 Bioloux and Sylvania Gro-Lux F18W/GRO-T8, at a light intensity of 50 mmol photons m 22 s 21 , with a light/ dark period 8 : 16 h, to simulate the poor light conditions in the bloom. The incident illumination was measured outside the vessels with a Delta-T Logger (Delta-T Devices Ltd, UK), equipped with a QS Quantum sensor.
Exposure to PP BL1125
The cyanopeptide PP BL1125 was isolated from the Planktothrix rubescens (D.C.ex Gomont) cyanobacterial bloom (Grach-Pogrebinsky et al., 2003) . Planktopeptin solutions in methanol were added to cyanobacteria (Ma2-NIB) in exponential cell growth (1 Â 10 6 cells mL
21
) at a final concentration of 10 26 M. The same volume of methanol, which never exceeded 0.05% (v/v) in the final medium, was added to controls. After 24 h exposure, cells were concentrated by centrifugation (5 min at 9500 g) and the pellets stained for examination by optical and transmission electron microscopy (TEM) as described below.
Transmission electron microscopy
The morphology of cyanobacterial cells and virus like particles (VLP) was examined with TEM (Philips CM 100) using a negative staining method. To do this, 20 mL of cell suspension was adsorbed on formvarcoated, carbon stabilized copper grids and negatively stained with 1% (w/v) uranyl acetate. In preparation for making ultra-thin sections, the cell pellets were mixed in 2% agarose and fixed in 3% glutaraldehyde in 0.1 M phosphate buffer for 12 h, followed by 1% osmium tetroxide in the same buffer for an additional 18 h. The samples were dehydrated in increasing concentrations of ethanol and embedded in Agar 100 resin (Agar Scientific). Ultrathin sections (thickness 65 -75 nm) were stained with 3% uranyl acetate (10 min) and Reynolds lead citrate for 8 min. Samples were examined with a Philips CM 100 (Amsterdam, the Netherlands) electron microscope at an accelerating voltage of 80 kV, and images were recorded with a Bioscan CCD camera using Digital Micrograph software (Gatan Inc., Washington, DC, USA).
Epifluorescence and laser confocal microscopy: sample preparation Mild cell permeabilization with Triton X-100
Cyanobacterial cells were washed three times in JM and fixed in 3.7% paraformaldehyde in JM (Sigma-Aldrich Co., Germany), for 30 min at room temperature (22 -248C), washed three times in JM and permeabilized in JM containing 0.1% Triton X-100 (v/v) (Merck, Germany) for 20 min. The detergent was removed by washing three times in JM at room temperature. Cytoskeletal framework, cell division sites and cell debris were visualized by overnight immunostaining with anti-bovine a-tubulin mouse monoclonal antibody (Molecular Probes, USA) (1 : 200 in JM containing Ca 2þ and 0.1% Tween X-100, v/v) and secondary antibodies labelled with Alexa-488 goat anti-mouse IgG (Molecular Probes). The cells were immersed in antifade reagent containing N-propyl gallate (Sigma, USA) to prevent photobleaching. The cells were examined under an inverted fluorescence microscope (Nikon Eclipse TE300 with Super High-Pressure Mercury Lamp Power Supply HB-10103AF) and under a laser scanning confocal microscope (Leica, Germany).
Strong cell permeabilization with toluene/MeOH
Axenic cyanobacterial strain PCC 7005 (Institute Pasteur, France) was maintained and cultivated in JM. The cells were permeabilized with toluene/MeOH mixture (4 : 1 v/v) with vigorous stirring for 5 min, extracted with MeOH and washed in JM after each treatment. The cells were fixed and immunostained as already described.
Phase contrast and epifluorescence microscopy
The cytoskeleton framework fluorescence was recorded using a B-2A filter with excitation in the blue light region from 450 to 490 nm (bandpass, 470 CWL, dichromatic mirror cut-on 500 nm, barrier filter cut-on 515 nm). Pigment fluorescence was recorded using a G-2A filter with excitation from 541 to 551 nm (bandpass 546 CWL, dichromatic mirror cut-on 565 nm, barrier filter cut-on 590 nm). The images were recorded on a Nikon Eclipse T300 microscope using an oil immersion objective, magnification Â1000.
Confocal microscopy
Cells were examined with a multispectral laser scanning confocal microscope (Leica TCS NT, Leica Lasertechnik, Mannheim, Germany), using an Argon laser beam, wavelength 488 nm, and a helium-neon laser, emission 543 nm. Fluorescent light was led to the photomultiplier tube through a dichroic prism and a pinhole 1.0 mm to create a confocal image using an oil immersion objective lens (Leica, PlanApo 40X N.A. ¼ 1.25), magnification Â400. The optimum zoom factor of 4 was used to improve image resolution. Each confocal section was obtained by 4-fold integration of a single frame scan. Optical sections of 1 mm step were taken through the entire cell layers (8 -10 optical slices). The pictures were processed with LCS Lite (Leica Confocal Software ver. 2.61 1997 -2004 .
Cell morphology and statistics
One hundred randomly selected, completely round cells that were not in the process of division were measured. The measurements were done with Lucia (System for Image Processing and Analysis LUCIA 4.60, Laboratory Imaging Ltd). The cell volume measurements were analysed with descriptive statistics with quartiles and medians tested with the non-parametric two-tailed MannWhitney test. Box charts were drawn with Prism 5 ( 
R E S U LT S Transmission electron microscopy
The presence of PP BL1125 influences the distribution of thylakoid membranes (Fig. 1B) . The thylakoid system is relatively sparse and more dispersed than in control cells (Fig. 1A ). In cells with disorganized thylakoids, round structures 80 nm in diameter can be seen that could be emerging VLP ( Fig. 1C and D) . Similar particles, still surrounded by the thylakoid membrane, can also be found released into the environment ( Fig. 2A) . VLP of the same size are observed in the immediate vicinity of cells at the moment of lysis ( Fig. 3A and B) or released in the medium. Negative staining reveals the presence of tailed VLP ( Fig. 2B and C) .
VLP identification
According to Safferman (Safferman et al., 1983) , the VLP that were found in the samples treated with PP BL1125 (Figs 2B and C and 3B) are assumed to belong to the family Podoviridae. The phages have a delicate, frequently deformed head, hexagonal in outline, 80 nm in diameter with a short, slightly curved tail.
Phase contrast and fluorescence microscopy
After strong permeabilization and pigment extraction cytoskeletal structures as the cell division site and cytoskeletal framework also become visible in axenic cyanobacterial cell lines (Fig. 4) .
Three pictures of the same area of control ( Fig. 5A-C) and of cyanopeptide PP BL1125 treated cells (Fig. 5D -F) were taken by phase contrast and by fluorescence using B-2A and G-2A filters. Using mild cell permeabilization, two main types of cyanobacterial cells are visible in the controls, clearly visible healthy cells with sharp edges and blurred, damaged cells (Fig. 5A) , whereas only undamaged, viable cells in the picture obtained with the G-2A filter set are visible due to the excitation of photosynthetic pigments (Fig. 5B) . In  Fig. 5C , where the cyanobacterial cells in control were immunostained with anti-bovine a-tubulin antibody, individual damaged cells coloured green can be observed. Three degrees of damage can be discriminated: (a) total collapse of the cytoskeletal framework, (b) cytoskeleton that still retains some degree of the original cell shape, although without pigments ("ghosts") and (c) apparently normal cells filled with pigments but Fig. 5 . Lysis induction in lysogen focal points. The non-axenic Ma2-NIB cyanobacterial cell line was treated with PP BL1125 and exposed to mild permeabilization. A, B and C are controls, whereas D, E and F are the cells exposed to PP BL1125 at a final concentration of 1 Â 10 26 M. A and D are phase contrast pictures, B and E were obtained by excitation of photopigment fluorescence using a G-2A filter set and C and F were obtained after excitation of immunostained cytoskeletal framework and pigment autofluorescence using a B2A filter set. Arrows indicate different degrees of cell damage also controls; (a) cell with collapsed cytoskeleton, (b) cytoskeleton "ghosts" and (c) stressed cell permeable to immunostaining. In A and B, the arrows indicate the position of damaged cells that are not clearly visible; however, in C, their cytoskeletal framework can be clearly noticed. In D and E, the cells in the process of lysis are indistinctive, F shows the same areas (surrounded in light green) where the lysis of lysogen focal points can be noticed as aggregations of cytoskeletal debris. The treated cells exhibit increased aggregation. Scale bar 10 mm.
permeable to immunostaining (Fig. 5C ). Similar damage can be observed also in cyanobacteria exposed to PP BL1125 with some additional major effects. Exposed cells are larger and more tightly packed together, and a significant proportion of the cells is lysed (surrounded in light green). Cell debris can also be seen under high light ( Fig. 5D and E) . This is confirmed in Fig. 5F , where large areas of lysed cyanobacterial cells can be seen due to the collapse of cytoskeletal elements coloured green. The lysed cyanobacterial cells and cellular debris can be seen under bright light (Fig. 5A and D) , but are invisible in photomicrographs obtained by photopigment excitation (arrows in Fig. 5B and areas surrounded in light green in Fig. 5E ).
Cell morphology
Cyanobacterial cells exposed to PP BL1125 show a general increase in volume (box plot, Fig. 6 ). The volume medians tested with the non-parametric twotailed Mann -Whitney test are significantly different (P ¼ 0.0023). Although the mean volume of exposed cells is on average only slightly larger than the cells in controls, all cells increase in volume and several of them are larger than the largest in the control group (see outliers).
Confocal microscopy
In confocal microscopy experiments, different colours have been assigned to different channels, green to the immunostained cytoskeletal framework, red to chlorophyll autofluorescence and blue to phycocyanin fluorescence. Chlorophyll was located in the centre of the vast majority of control cells, whereas phycocyanin occupied the peripheral area. Dead cells were green in colour (Fig. 7A) . The collapsed cytoskeletal framework turned yellow due to the co-localization of the cytoskeletal elements with chlorophyll after the lysis induced with PP BL1125 (Fig. 7B) . The majority of cells exposed to PP BL1125 show stress resulting in the dispersion of pigments that exhibited enhanced pink fluorescence (Fig. 7B) . Their pink colour is also due to co-localization of photopigments, chlorophyll and phycocyanin. In both pictures, individual cells showing signs of stress, expressed as brighter red autofluorescence, are also seen ( Fig. 7A and B) .
D I S C U S S I O N
Until recently, bacteria have been regarded as being too simple to require a spatial regulation and a cytoskeleton, in spite of the fact that they possess various cytoskeletal elements (Margolin, 2005) . FtsZ is a tubulin-like polymer-forming GTPase (Mukherjee et al., 1993) essential for cell division in prokaryotes. It forms a ringshaped structure, the Z-ring, at the division site, and was already suggested in 1991 to function as a potential cytoskeletal element (Bi and Lutkenhaus, 1991) . In fact, FtsZ is the scaffold for the assembly of the cell division machinery (Rothfield et al., 1999) as well as for "plastoskeleton" formation in chloroplasts (Kiessling et al., 2000) . Plastoskeleton is the first highly organized cytoskeleton-like FtsZ network to be visualized that is involved in the maintenance of the integrity of plastids and composed of prokaryotic elements. The ftsZ gene is conserved in all cyanobacteria, and all sequenced cyanobacterial genomes have only one ftsZ (Miyagishima et al., 2005) . However, there are other potential candidates for the visualization of the prokaryotic cytoskeleton. Recent studies have identified two new tubulin homologues BtubA and BtubB, which assemble into protofilaments and protofilament bundles (Jenkins et al., 2002; Sontag et al., 2005) . We do not know which cytoskeleton elements are the real targets in our experiments. The anti-bovine a-tubulin mouse monoclonal antibody used recognizes amino acids 65-97 of the N-terminal structural domain of a-tubulin (Molecular Probes). In addition to BtubA and B, significant similarities in amino acid sequence can be found when the monoclonal antibody paratope is compared with two amino acid sequences, bacterial tubulin A1 from Prosthecobacter debontii (accession number CAJ14017) or to the unnamed protein product from the cyanobacterium M. aeruginosa PCC7806 (accession number CAO86402).
For the first time, we have succeeded in visualizing the cyanobacterial cytoskeletal framework. It appears that the network is evident only when the integrity of the cell is jeopardized. The presence of large quantities of various pigments could be the main reason why the detection in autotrophic prokaryotes is so difficult and requires strong cell permeabilization and pigment extraction from healthy undamaged cyanobacteria (Fig. 4) . The visualization of dead senescent and lysed cyanobacteria by immunostaining is easier and can be used to detect damaged cyanobacteria (Figs 5 and 7) .
The non-hepatotoxic cyclic peptides produced in cyanobacteria are generally described as protease inhibitors (Namikoshi and Rinehart, 1996) , although until recently for anabaenopeptins, there was no positive proof of such biological activity (Bubik et al., 2008; Sedmak et al., 2008b) . In our opinion, it is also very significant, from the ecological point of view, that the representatives belonging to cyclic cyanodepsipeptides and some cyanopeptides of the anabaenopeptin family exhibit protein phosphatase inhibitory activity (Sano et al., 2001 : Repka et al., 2004 . Also the destabilization of the cytoskeletal framework in cyanobacteria may cause a major stress for organisms and could trigger the lytic cycle in lysogen cyanobacteria. We have already demonstrated that selected representatives of both cyanopeptide groups, the depsipeptide PP BL1125 and two ureido linkage containing anabaenopeptins B and F, are able to induce the lytic cycle in lysogenic cyanobacteria, provoking massive lysis of cyanobacteria (Sedmak et al., 2008a) .
Cyanophages are an important factor in terminating cyanobacterial blooms (Manage et al., 1999) , and tailed cyanophages that specifically infect M. aeruginosa have been already isolated (Yoshida et al., 2006) . Unfortunately, the term "cyanophage infection" in connection with freshwater blooms has been used only to describe host lysis, and the state of lysogeny has been almost completely neglected. In our attempt to explain cyanobacterial bloom collapse, we present the concept that lysogeny is the central issue, lysis the final outcome and endogenous trigger molecules an important factor that, at the appropriate moment, contribute to the increased fitness of the offspring.
Immunostaining of the cyanobacterial cytoskeletal framework has enabled a clearer insight into the cyanobacterial population exposed to cyanopeptides. Using our technique with mild cell permeabilization, we can discriminate between healthy cyanobacteria that remain impermeable to the labelling procedure, damaged cells where the network is clearly visible, empty cytoskeleton "ghosts" and cyanobacterial debris demonstrating cell lysis and collapse of the cytoskeletal framework (Figs 5 and 7) . This technique provides further evidence of cyanobacterial cell death in the exponential cell growth of axenic cell lines. In this case, cell degradation can be ascribed to errors or irregularities during the cell division process or simply senescence (data not shown). In spite of the strong biological activity, there is a high degree of insensitivity of axenic microcystin-producing (PCC 7806) and microcystin non-producing (PCC 7005) M. aeruginosa cell lines to PP BL1125 in concentrations up to 10 26 M (Sedmak et al., 2008a) . Although their growth is not inhibited, we cannot exclude the influence at the subcellular level. This demonstrates, first, that the endogenous cyanodepsipeptides do not imperil the persistence of non-infected or otherwise damaged cyanobacteria that are producing them, and second, that axenic cell lines cannot reproduce the situation in natural cyanobacterial blooms where both virulent and temperate viruses are the most abundant biological entities (Wommack and Colwell, 2000) . The strict use of axenic cyanobacterial cell lines is such an example where the natural environment is not satisfactorily reproduced.
Exposure to PP BL1125 induced cell aggregation of non-axenic cyanobacteria (compare Fig. 5A and D) and an increase in cell volume (Fig. 6 ). Similar effects have been observed when non-axenic cell lines were exposed to various hepatotoxic cyclic peptides, the microcystins (Sedmak and Eleršek, 2006) . This type of response could also be due to virally infected cells, although microcystins did not induce cell lysis. The increase in volume of cyanobacteria exposed to PP BL1125 comprised the entire cell population, some of which had grown considerably larger than the majority (see outliers in Fig. 6 ). In our opinion, this is due to the induction of the lytic cycle in lysogens with the consequent formation of VLP (Fig. 1) . After cell lysis, VLP that correspond in shape and size to tailed cyanophages have been observed both in cyanobacteria (Fig. 1C and D) and in the surrounding medium (Figs 2 and 3) . The aggregation of cells favours the incidence of viral infection because of the reduction in intercellular distances and the increase in size of the target.
Cytoskeletal framework collapse and cyanobacterial cell aggregation after PP BL1125 exposure have been confirmed by confocal microscopy (Fig. 7) . After 24 h, the lytic cycle was induced, resulting in large areas of cellular debris.
It has been established unequivocally that viruses are important mortality agents of marine cyanobacteria and consequently affect nutrient cycling, population abundance, community diversity and genetic transfer (Suttle, 2000; Wommack and Colwell, 2000) . One important mechanism of population density control is direct lysis caused by virulent cyanophages. According to the concept "killing the winner", lytic viruses can keep in check competitive dominants and thus allow the co-existence of less competitive populations and sustain cyanobacterial diversity (Thigstad and Lignell, 1997) .
Thanks to this mechanism, the total abundance of hosts and viruses remains relatively stable and the formation of dense monospecific blooms is made difficult or frequently obstructed. However, such massive monospecific blooms are very common in eutrophic freshwaters where cyanobacteria are evidently able to evade this type of control. The results are long lasting perennial blooms that eventually collapse. In such cases, virus infection, lysogeny, is presumed. In contrast to virulent viruses, temperate viruses allow extensive proliferation of the most competitive species and dense, almost monospecific, blooms can predominate overwhelmingly in the water body. In such situations, the presence of a trigger is required to start the lytic cycle that leads to the demise of the bloom. In addition to the existence of a broad array of abiotic triggers (Gons et al., 2006) , cyanobacteria produce their own substances that, upon release in the environment, can induce the lytic cycle in infected hosts (Sedmak et al., 2008a) . There is a constant leakage of cyclic peptides from producing cyanobacteria to the environment. This can be due to various reasons, lytic viral infections, local spontaneous lysis (Figs 5C and 7A) , not forgetting the existence of putative ABC transport mechanisms linked to hepatotoxic peptides (Tillet et al., 2000) as well as to cyanodepsipeptides (Rouhiainen et al., 2000) . Each of the mechanisms could cause adequate cyanopeptide trigger concentrations that favour limited lysogen lysis, new non-lytic infections and consequent formation of lysogen focal points. In the presence of high extracellular concentrations of trigger molecules, these focal points merge in the unique collapse of the cyanobacterial bloom.
We cannot exclude a similar mechanism of lysis induction in lysogen marine cyanobacteria also. Cyclic depsipeptides, analogous to PP BL1125 and possessing similar biological activities, are also produced in bloom forming marine cyanobacteria. For example, in various Lyngbya species lyngbyastatins and the related somamide B have been isolated (Taori et al., 2007) .
Climate change is a potent catalyst for further expansion of cyanobacterial blooms. More extensive and intensive blooming also means a greater threat to human and overall environmental health. Today, it is clear that high nutrient loading, enhanced stratification and increased residence time and salination, all accelerated by rising temperatures, favour cyanobacterial dominance in diverse aquatic ecosystems (Pearl and Huisman, 2008) .
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